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I. INTRODUCTION
When charged particles are produced in high-energy collisions, they are usually accompanied by final-state radiation (FSR). This process is familiar in quantum electrodynamics, where electrons radiate photons, as well as in quantum chromodynamics (QCD), where quarks (and gluons) radiate gluons. The pattern of radiation depends crucially on the mass of the emitter but not on its spin, leading to the famous dead cone effect [1] [2] [3] where radiation from quarks with mass m q and energy E q is suppressed for emission angles θ ≲ m q =E q . The dead cone is a fundamental prediction of QCD and other gauge theories, relying on only the behavior of radiation from massive particles in the soft (and collinear) limit.
While the prediction of the dead cone effect is uncontroversial, actually measuring the dead cone radiation pattern in QCD has turned out to be extremely challenging. The reason is simple: massive particles decay, and the same angular scale m=E appears both in the dead cone effect as well as in the characteristic opening angle between the decay products. In this way, the dead cone is effectively "filled," so, while the overall suppression of gluon radiation for heavy quarks can be inferred through inclusive [4] [5] [6] [7] [8] or semi-inclusive [9] [10] [11] observables, the universal angular radiation pattern around the massive particle is obscured. More direct probes of the dead cone for bottom and charm quarks have been put forward, for example in e þ e − collisions at LEP [12, 13] and in ep collisions at HERA [14] , and the dead cone effect is included in the shower deconstruction approach to top tagging [15] . To our knowledge, though, no definitive dead cone measurement has been made to date.
In this paper, we propose to directly measure the dead cone around top quarks at the Large Hadron Collider (LHC) using jet substructure techniques [16] [17] [18] [19] . This direct approach is interesting both as a fundamental test of gauge theories and as a way to validate the treatment of radiation from massive particles in Monte Carlo generators. Our focus is on leptonic decays, where a high-energy top quark can emit FSR gluons before decaying to a charged lepton, neutrino, and bottom quark. Because m b =E b ≪ 1 in top decays, the dead cone effect for the bottom quark is negligible, yet bottom-quark FSR is abundant and it tends to fill the top-quark dead cone region. Using recursive jet clustering algorithms, though, we show how to statistically separate radiation from the top and bottom, thereby revealing the top-quark dead cone pattern.
Our method relies on soft drop declustering [20] (see also Refs. [21] [22] [23] [24] [25] ), a jet substructure technique that removes soft radiation from a jet to identify the hard jet core. In Ref. [26] , soft drop was applied to light quark and gluon jets to expose the famous Altarelli-Parisi splitting functions [27] which encode the energy pattern of FSR. Here, we apply a similar technique to boosted top-quark jets, focusing now on the angular pattern of FSR. While simple in its essence, our method relies on several key steps, such as the reconstruction of the top momentum despite the lost neutrino, whose robustness we test using parton shower (PS) generators.
The rest of this paper is organized as follows. In Sec. II, we review the dead cone effect in the idealized context of stable top quarks in electron-positron collisions. In Sec. III, we discuss subtleties related to top decay and the contamination coming from initial state radiation (ISR) and underlying event (UE). We present our novel measurement strategy in Sec. IV and estimate the LHC sensitivity with 300 fb −1 in Sec. V. We discuss subdominant backgrounds in Sec. VI and conclude in Sec. VII, leaving additional cross-checks to the Appendixes.
II. IDEALIZED TOP DEAD CONE
We begin with the idealized case of top pair production in electron-positron collisions, e þ e − → tt, where we treat the top quark as stable. This approximation allows us to study the pattern of QCD radiation from the top quarks at various levels of accuracy without having to consider the top-quark decay products.
At tree level, each top quark carries three-momentum
, where ffiffi ffi s p is the e þ e − collision energy. 1 In the soft and collinear limit, the probability for a top quark to emit a FSR gluon with energy fraction z and opening angle θ is [1] [2] [3] 1 σ
where α s is the strong coupling constant, C F ¼ 4=3 is the top-quark color factor, m t ≃ 173 GeV is the top mass, and
is the dead cone angle. The relation θ D ≃ m t =E t is valid already for moderately relativistic tops (e.g. p t ≳ 2m t ), so we use this approximation throughout. The emission probability in Eq. (1) reaches its maximum at θ ≃ θ D and is suppressed for angles θ ≲ θ D (i.e. a dead cone). In the large Lorentz boost limit m t =E t ≪ 1, one recovers the usual collinear divergence for gluon emissions from massless quarks. It is a remarkable property of the soft limit that the angular dependence in Eq. (1) is universal and does not depend on the spin of the massive particle. To visualize the dead cone, in Fig. 1 we show the full matrix element (ME) at next-to-leading order (NLO) from MADGRAPH5_AMC@NLO 2.3.2 (MG5aMC) [28] , i.e. Oðα 2 s Þ with up to two additional final-state partons (typically two gluons). Here, we have defined
such that the top flight direction is at ðX; YÞ ¼ ð0; 0Þ and the dead cone peak is at
The effective t Ã → tg kinematics are determined by forcing the top quark to be stable and taking the "gluon" to be the vector sum of all radiated particles that are closer to the top than to the antitop, effectively partitioning the event into top and antitop hemispheres. 2 This distribution is for ffiffi ffi s p ¼ 2 TeV after imposing a cut on the gluon of E g > 50 GeV.
In Fig. 2 , we plot the idealized analytic distribution in Eq. (1) together with the corresponding distributions obtained from the exact LO and NLO fixed-order calculations for e þ e − → ttj. This comparison shows that the dead cone radiation pattern is stable under radiative corrections and agrees well with the analytic approximation in Eq. (1) . The deviations at LO near Θ 2 ≃ 0 can be largely attributed to the E g > 50 GeV cut, which forces us away from the strict soft limit [as motivated by the discussion around Eq. (7) below]. Though not shown here, we tested that the expected 1=z behavior in Eq. (1) is also seen in the fixed-order calculations.
As a next step towards a realistic modeling of the radiation from a top quark, we consider the impact of multiple gluon emissions using PS generators. In PYTHIA 8.219 [29, 30] , the dead cone effect is implemented via ME corrections [31] . These ME corrections can also be turned off, an option we exploit later to define a null test. 3 In Fig. 3(a) , we compare the PYTHIA distributions for Θ the origin. This is a NLO calculation with up to two additional partons in the final state. To define the effective t Ã → tg kinematics, the gluon corresponds to the sum of emissions within the top hemisphere, imposing a cut of E g > 50 GeV. The X and Y coordinates are then normalized such that the dead cone peak is at
with and without the dead cone effect. One can clearly see the collinear peak at Θ 2 ¼ 0 when the corrections are off and the expected dead cone suppression for Θ 2 ≲ 1 when the corrections are on. In this plot, the distributions have a common normalization such that the ME-corrected distribution integrates to unity.
In Fig. 3(b) , we compare PYTHIA 8.219 [29, 30] to HERWIG 2.7.1 [32] and SHERPA 2.2.0 [33] as well as to fixed-order LO and NLO distributions from MADGRAPH5_AMC@NLO 2.3.2 [28] . In this case, we normalize the distributions to unity to emphasize any possible shape differences. The predictions from PS generators feature the dead cone suppression for Θ 2 < 1, in quite good agreement (better than 10%) with NLO fixedorder predictions, clearly displaying the expected universal behavior.
III. TOP DECAY AND CONTAMINATING RADIATION
We now pass from the idealized case above where the top quark has been treated as stable to the realistic case involving effects due to its decay. The top quark has a very short lifetime and decays almost exclusively to a bottom quark and a weak boson (t → bW). The W boson has a large (≃68%) branching fraction to hadronic final states, yet, in order to avoid unnecessary further contamination of the dead cone, we focus on leptonic decays (W → lν). Because the b quark is a colored particle, its contamination of the top dead cone due to radiation and fragmentation is unavoidable and needs to be carefully examined.
At leading order, two different gluon emission processes can be identified, as shown in Fig. 4 . The signal process which features the dead cone is FSR top-quark radiation, corresponding to an off-shell top emitting a gluon and going on shell [see Fig. 4 (a)]:
This is the process that defines the dead cone distribution in Eq. (1). The background process where the dead cone is absent is gluon emission during on-shell top decay [see Fig. 4 (b)]: (a) Turning ME corrections off and on in PYTHIA. With ME corrections off, an erroneous collinear peak is seen at Θ 2 ¼ 0. With ME corrections on, the dead cone is apparent for Θ 2 ≲ 1. Even though diagrams S and B 1 both have an off-shell top propagator, B 1 does not contribute to the dead cone effect. This is easiest to see in limit that the top quark is exactly stable. Specifically, one can boost to the on-shell top rest frame, where it is then apparent that the emitted gluon in diagram B 1 is uncorrelated with the initial top momentum direction. Because the top is unstable, though, there is interference between the signal and background processes proportional to the top-quark width Γ t ≃ 1.4 GeV. This interference becomes relevant when
where p t and p g are the top and gluon 4-momenta. Indeed, observables have been proposed to exploit this interference regime and potentially measure the top-quark width [34] [35] [36] . Here, our goal is to isolate the S process, so we want to avoid interference effects. In addition, if the gluon energy is too small, then there is no practical way to distinguish an on-shell top from an off-shell top, allowing the B 1;2 diagrams to "bleed through" into the S diagram signal region. To estimate when interference effects can be neglected, we use the relation 2p t · p g ∼ E t E g θ 2 D for sufficiently small angles in the lab frame, leading to the requirement
which for Γ t =m t ≃ 0.01 implies z ≳ Oð0.1Þ. In Appendix A, we explicitly check that Eq. (7) with z > 0.05 is sufficient to suppress the combined interference and bleed-through effects. We consider further kinematic selections to suppress the decay processes in the next section.
We conclude this section by commenting on additional sources of background that are present in pp collisions coming from ISR and UE. Radiation associated with the initial partons involved in the scattering as well as with soft QCD effects from the proton remnants can "accidentally" end up in the vicinity of the reconstructed top quark. Because top quarks are dominantly produced via gluon fusion at the LHC, and because the degree of ISR is controlled by the gluon color factor C A ¼ 3, ISR turns out to be a rather important source of dead cone contamination. In addition, UE contributes to an overall pedestal in the Θ 2 distribution which also fills in the dead cone region. This motivates the use of jet grooming techniques to mitigate the impact of ISR or UE contamination.
IV. EXPOSING THE DEAD CONE AT THE LHC
We now present an analysis strategy to observe the dead cone effect at the LHC. Our starting point is an event sample of boosted top-quark pairs, with one top quark decaying hadronically and the other one leptonically. The boosted leptonic top (BLT) is where we propose to measure the dead cone effect.
The reason for considering large Lorentz boosts is that top FSR is roughly proportional to α s logðE t =m t Þ. By going to larger values of E t , the overall level of FSR is enhanced, making the dead cone suppression more distinct. We consider top quarks with transverse momenta of p T ≳ 500 GeV for which the expected dead cone angle is θ D ≃ 0.3, safely larger than the angular resolution of the LHC detectors.
The reason for considering single-lepton top pairs is threefold. First, identifying a boosted hadronic top ensures high signal purity when using jet substructure tagging techniques [37] . Second, the single-lepton selection ensures that the primary source of missing energy comes from the single neutrino in the event, allowing an accurate reconstruction of the BLT direction. Third, performing the measurement on the BLT avoids hadronic dead cone contamination from the decaying W boson. As discussed in Sec. III, residual contamination of the top dead cone comes mainly from b-quark FSR as well as from ISR and UE.
A. Event selection
Our baseline event selection involved two large radius (R ¼ 1.0) "fat" jets at central rapidities (jη j j < 2.5) and high transverse momenta (p j T > 300 GeV). Jets are reconstructed using the anti-k T jet algorithm [38] from FASTJET 3.1.3 [39] . Exactly one of the two fat jets is required to satisfy a boosted hadronic top tag (p t T > 500 GeV), and we use Ref. [37] to estimate the tagging performance. The other jet is promoted to a BLT candidate if it contains at least one high-p T lepton (p l T > 50 GeV). To avoid misreconstructing the BLT kinematics due to collinear photon FSR, we define the effective lepton four-vector to include all photons within ΔR γl < 0.1. We further require large missing transverse momentum (p miss T > 50 GeV). The above selection is designed to obtain high purity of BLT signal events. To further increase the signal yield, one could lower the top p T threshold and possibly widen the jet radius, though we found that this did not improve the statistical significance of the dead cone effect. Additional potential backgrounds are discussed in Sec. VI, though they are expected to only appear at the few-percent level.
B. Object reconstruction
From the BLT constituents, we next need to define the b quark, FSR gluon (g), lepton (l), and neutrino (ν) candidates. In addition, we want to mitigate the impact of contamination from ISR or UE, as well as from pileup at higher luminosities.
To identify the b and g candidates and suppress contamination, we exploit recent advances in jet substructure. After removing the high p T lepton (and its collinear photon FSR), the BLT constituents are reclustered with the Cambridge-Aachen (C/A) algorithm [40] , which reorganizes the BLT constituents into an angular-ordered tree. We then apply the soft drop algorithm [20] , which aims to remove soft contamination from the fat jet and isolate two subjets within the BLT. Soft drop works by recursively declustering the C/A tree, removing the softer branch until
where p Ti are the transverse momenta of the subjets, R 12 is their rapidity-azimuth distance, and R is the initial jet radius. For this study, we use the parameters
By choosing β ¼ 0, soft drop behaves similarly to the modified mass drop tagger with μ ¼ 1 [25] . In order to increase the signal acceptance, we have selected the z cut value to be a bit looser than the 0.1 value used in Refs. [20, 26, 41] . If soft drop finds no substructure within the hadronic component of the BLT jet, the event is discarded. If soft drop instead finds evidence for a two-prong substructure, then the 4-momenta of two subjet components are returned. Out of the two subjets found by soft drop, exactly one subjet is required satisfy a b tag to become our b quark candidate. The remaining subjet is our gluon candidate, which ideally would come from the top FSR signal. We further impose p b T > 50 GeV and p g T > 25 GeV to avoid pathological configurations.
To identify the neutrino candidate, we use the W mass constraint on the lν system to solve for the missing neutrino longitudinal momentum component. Strictly speaking, the W mass constraint yields two solutions for the neutrino longitudinal momentum, so we choose the one that gives the smallest value of minfjm t − m blν j; jm t − m blνg jg. By considering both the blν and blνg systems, we avoid sculpting an artificial dead cone region. After reconstructing the neutrino direction, we now have a BLT candidate with well-defined b, l, ν, and g constituents.
Finally, we impose a cut on the gluon momentum relative to the reconstructed BLT momentum in order to satisfy the interference and bleed-through requirement from Eq. (7):
Note that this requirement is stricter than the z cut requirement of the soft drop algorithm, which only constrains the gluon momentum relative to the momentum of the top minus W system. In practice, Eq. (10) is often satisfied already by the p g T > 25 GeV requirement, since the typical top p T for this selection is 500 GeV.
C. Signal isolation
With the BLT kinematics in hand, we now take advantage of the differing kinematics in top FSR and top decay. When the gluon is radiated in top FSR then m blν ≈ m t and m blνg > m t , whereas when the gluon is radiated in top decay then m blν < m t and m blνg ≈ m t . These two regions can be seen clearly in Fig. 5 , from a LO calculation where all of the above selection criteria are applied. 4 We therefore have a signal-enriched phase space region where the dead cone effect should be enhanced and a background-enriched control region where no dead cone is expected:
B-enriched∶ m blν < 160 GeV:
While one might try to cut on m blνg to further enhance top FSR and suppress top decay in the S-enriched region, we find that this sculpts an artificial dead cone since it preferentially selects events with wide-angle gluons. At this point, it is convenient to rotate the event such that the momentum of the reconstructed BLT (including the radiated gluon) points in the z direction, and the b-subjet candidate has a vanishing y component and negative x component. This allows us to isolate (and better visualize) backgroundlike configurations where the gluon candidate is likely to come from b-quark FSR (x < 0, dominated by diagram B 2 ) from signal-like configurations where the gluon candidates is likely to come from top-quark FSR (x > 0, diagram S). As in Eq. (3), we rescale the gluon kinematics to X and Y coordinates; this ensures that the expected dead cone boundary is at Θ 2 ¼ 1 regardless of the reconstructed top momentum. 5 The resulting gluon radiation pattern is shown in Fig. 6 . In both the S-and B-enriched samples, there is a prominent peak near ðX; YÞ ¼ ð−1; 0Þ, corresponding roughly to the b quark location. This peak is expected, since even with the S-enriched selection, there is still residual contamination from b-quark FSR. For the S-enriched sample there is a faint disk of radiation within Θ 2 ≲ 1, though scant evidence for dead cone depletion near the Θ ¼ 0 origin. This disk corresponds to the desired top FSR signal seen in the idealized distribution from Fig. 1 . No such disklike feature is observed in the B-enriched sample, giving us confidence that the S-enriched selection has properly isolated the top FSR of interest.
In Appendix B, we show distributions for the observable
such that Θ 2 S > 0 isolates the phase space region away from the b quark direction. However, with no further cuts, the realistic dead cone structure in Fig. 6(a) is rather muted compared to the idealized dead cone structure in Fig. 1 . One might therefore wonder if there are additional kinematic handles to enhance the dead cone effect and observe a suppression near Θ ¼ 0.
D. Further optimization
The most obvious source of dead cone contamination is b-quark FSR. By two-body kinematics, the typical opening angle between the b quark direction and the initial top-quark direction is typically the same as the dead cone angle, θ tb ≈ θ D . Moreover, the total gluon FSR from the b quark is expected to be larger than from the top quark. 6 While imposing a Θ 2 S > 0 restriction could help isolate the phase space region away from the b quark, a more aggressive way to "clean up" the dead cone region is to force the b candidate to have a large value of Θ b .
In Fig. 7 , we show the impact of a Θ b > 1.0 restriction. Such a cut (which could be optimized in a full analysis) ensures that b-quark FSR is typically away from the dead cone region Θ 2 ≲ 1. Because this does not impose any criteria on the gluon subjet, this selection does not sculpt a dead cone, though it does preferentially select top decays where the b quark flies perpendicular to the top boost direction in the top rest frame.
With this Θ b > 1.0 cut in place, we project down to the Θ 2 S observable from Eq. (13) in Fig. 8 . Focusing on Θ 2 S >0 for the S-enriched sample in Fig. 8(a) , the dead cone structure is quite visible. When turning the ME corrections off in PYTHIA, one sees a rise towards Θ 2 S ¼ 0, corresponding to FSR emitted collinear to the initial top direction. With the ME corrections on, the dead cone region at Θ 2 S ≲ 1 appears as expected. No such features are seen in the B-enriched sample in Fig. 8(b) , suggesting that Θ 2 S is a useful test for the dead cone effect at the LHC, especially after a cut on Θ b . Comparing different predictions in Fig. 8(c) , we see that each generator predicts some degree of dead cone suppression for Θ 2 S ≲ 1, though the precise size and shape differs noticeably, motivating future higher-order calculations of the dead cone effect in pp collisions. Even without new calculations, these generator differences indicate that a direct measurement of the dead cone effect at the LHC would help test Monte Carlo treatments of gluon radiation from massive quarks. FIG. 5 . Invariant mass of blν versus blνg after the soft drop procedure, showing the regions that are signal enriched (vertical bar) and background enriched (horizontal bar) at LO. 5 To better match the discussion in Sec. II, we define the Θ coordinate in terms of lab-frame energies and angles, instead of the more familiar p T and ΔR. The difference is negligible for narrow jets and only leads to a small distortion for the R ¼ 1.0 jet radius used here. 6 Bottom FSR is proportional to α s logðE Ã b =m b Þ, where E Ã b is the bottom energy in the top rest frame, while top FSR is proportional to α s logðE Ã t =m t Þ, where E Ã t is the top energy in the tt rest frame, so the former dominates at the moderate top boosts considered here.
One particular challenge in pp collisions that is absent from e þ e − collisions is ISR and UE. This background has no preferred orientation with respect to the top flight direction and simply leads to uniform contamination of the dead cone region, which is only partially mitigated by soft drop. In Appendix C, we show e þ e − → tt collisions with the identical event selection as used in the pp case, where the dead cone effect is more readily visible. Though not shown here, we also tested our analysis strategy on just the→ tt subprocess where ISR contamination is somewhat suppressed, yielding results that are intermediate between the e þ e − and full pp distributions. 
V. ESTIMATED LHC SENSITIVITY
Because the top dead cone in Fig. 8(a) is still rather subtle, large data samples will be necessary to find conclusive evidence for this effect. For an integrated luminosity L and signal efficiency ε total , the expected number of events N contributing to the S-enriched sample can be expressed as
Here, σðpp → tt; p t;t T > 500 GeVÞ ¼ 1.4 pb is the boosted top cross section at LO, K ¼ 1.65 is the ratio of the inclusive 13 TeV pp → tt cross sections at NNLO [42] compared to LO, and Bðtt → t had t lep Þ ¼ 0.30 is the fraction of top-quark pairs featuring a single-lepton final state.
The total signal efficiency can be expressed as
Using PYTHIA, we estimate the efficiency of the fiducial cuts (p j T > 300 GeV, p t T > 500 GeV, jη j;t;l j < 2.5, p miss T > 50 GeV, and p l T > 50 GeV) as ε fid ¼ 45%. We assume hadronic-top-tagging [37] and b-tagging efficiencies [43] of ε top ¼ ε b ¼ 50%. 7 From the same PYTHIA sample, we estimate that the soft drop tagging efficiency is ε SD ¼ 55%, which includes the p b T > 50 GeV, p g T > 25 GeV, and p g T =p t T > 0.05 requirements. The efficiency for the cut Θ b > 1.0 is ε Θb ¼ 30%, and the S-enriched fraction is ε S ¼ 30%. This gives an overall signal efficiency of
TeV LHC collisions, for the (left column) S-enriched and (right column) B-enriched samples. Here, a cut of Θ b > 1.0 has been applied; see Fig. 10 for distributions without this cut. (Top row) Turning ME corrections off and on in PYTHIA. Restricting one's attention to Θ 2 S ∈ ½0; 1 for the S-enriched sample, one sees qualitatively the same dead cone physics as in Fig. 3(a) . ME corrections have a negligible impact for the B-enriched sample. (Bottom row) Comparing the PS generators to LO fixed-order calculations. While each generator shows some evidence for a dead cone suppression, the quantitative behavior is noticeably different. 7 The corresponding mistag rates from these CMS studies are ε mis top ¼ 5% and ε mis b ¼ 1%. 
from PYTHIA with and without ME corrections, respectively. The difference between these yields is statistically significant at ≈4σ, and the dead cone should be definitively testable with 300 fb −1 of LHC data. 8 A precision differential measurement of the Θ 2 S spectrum would be possible at higher luminosities, i.e. HL-LHC.
VI. BACKGROUND CONSIDERATIONS
Our analysis thus far has assumed that the dominant background to the dead cone effect is simply b quark FSR from true semileptonic top pair events. That said, secondary backgrounds can arise from single top, W plus jets, and all-hadronic top pairs. These would have to be carefully considered in a full LHC analysis, especially after considering pileup and detector effects, though we estimate here that such backgrounds are negligible.
Single top production actually provides an additional source of signal events if the single top decays leptonically and the recoiling system is mistagged as a boosted hadronic top. If the single top decays hadronically, though, there is a potential source of background events if the recoiling system consists of a (mis)tagged b jet and a W boson. For example, this can occur in t-channel single-top events where the recoiling jet collinearly radiates a leptonic W or in associated production of a single top with a leptonic W boson where there is an additional jet from ISR. Given that the single top cross section is already much smaller than the tt cross section, though, such backgrounds yield a subpercent contribution to the total event rate.
For W plus jets, the LO fiducial cross section for W þ b=c þ jet with p j T > 500 GeV and jη j;b j < 2.5 is estimated to be σ Wbj BðW → lνÞ ¼ 80 fb with MADGRAPH5_AMC@NLO before any event selection.
Note that this cross section incorporates the dominant contribution from dijets, which arises when a boosted dijet system undergoes electroweak FSR, leading to the W plus jets final state already considered. Requiring the light jet to pass a top tag reduces the contribution of this background to the subpercent level.
All-hadronic top pairs are a potential background if the b quark decays semileptonically and one of the W decay products fakes the top radiation. This background can be estimated from simulation, and with the cuts of p b;l T > 50 GeV and p miss T > 50 GeV, we estimate that it should contribute at most at the few-percent level. Despite being small, all-hadronic top pairs are likely to be the most important secondary background to consider in a full analysis.
Finally, we note that our p g T > 25 GeV and p g T =p t T > 0.05 cuts might be too loose given the possibility of pileup jets at high luminosity. 9 The reason for our cut choice is that the dead cone effect is most robust in the soft gluon limit, up until the point where the interference and bleed-through effect from Eq. (7) becomes relevant. We checked that the qualitative features of our analysis still persist with a soft drop parameter of z cut ¼ 0.1 and harder cuts of p 
VII. CONCLUSIONS
With the excellent performance of the ATLAS and CMS detectors and the high luminosities foreseen at the LHC, together with new analysis techniques based on jet substructure, there is an opportunity to study subtle physics effects involving hadronic final states. For example, jet substructure techniques have previously enabled the study of color flow between the final states in top decay [46] [47] [48] , an effect that relies on detecting soft gluons from colorconnected partons.
In this paper, we have shown how to test the dead cone effect-a universal prediction of gauge theories-in QCD FSR from top quarks. The top quark is rather special in this context, since for bottom and charm quarks, the dead cone effect is obscured both by heavy hadron decays and nonperturbative physics. Focusing on top and antitop pairs with a single-lepton final state, we presented a complete analysis strategy based on the observable Θ 2 S that can be used to test for the presence of the dead cone effect. Our 8 Taking a wider interval of Θ 2 S ∈ ½−0.5; 1.5, the estimated yield is N ½−0.5;1.5 on ¼ 175 and N ½−0.5;1.5 off ¼ 235, which also differs at a significance of ≈4σ. Note, however, that the dip in PYTHIA for Θ 2 S ∈ ½−0.5; 0.0 is not seen in the other generators. 9 Recall, though, that the value of p g T is inferred after performing the soft drop procedure, which would certainly help to mitigate the effect of pileup jets.
technique exploits the ability of the soft drop algorithm to reconstruct the angular pattern of the radiated gluon, despite the complications faced by several blurring effects including b quark FSR.
There are four key steps to our procedure. First, we use soft drop to define the candidate b quark and gluon kinematics within a boosted leptonic top. Second, we reconstruct the missing neutrino using the W mass constraint. Third, we select the S-enriched region of phase space where m blν ≃ m t , such that the gluon is more likely to come from top FSR than from top decay. Finally, we impose a Θ b angular cut on the candidate b quark to suppress residual contamination from b quark FSR. This leads to a subtle but convincing dead cone suppression in the Θ 2 S distribution. In preliminary tests using a fast detector simulation [49] , we find that the reconstructed top and gluon kinematics are not dramatically distorted by detector effects, owing partly to the robustness of the soft drop procedure. We therefore look forward to detailed dead cone studies at the LHC, as well as future applications of jet substructure techniques to probe the subtleties of QCD. 
APPENDIX A: EFFECT OF FINAL-STATE INTERFERENCE AND BLEED-THROUGH
As argued in Eq. (7), a cut on the gluon energy fraction is necessary to avoid interference between the top FSR diagram (S) and the top decay diagrams (B 1;2 ) as well as to suppress bleed-through of the B 1;2 diagrams when m blνg ≈ m t . To quantify this, we simulate e þ e − → tblνg at tree level with MADGRAPH5_AMC@NLO 2.3.2 in order to evaluate the full matrix element including the interference, where the same caveat from footnote 4 applies.
In Fig. 9 , we show the Θ 2 S observable obtained with a set of different cuts on the gluon energy. Here, the final-state kinematics are assumed to be perfectly known, and we apply the same signal selection as the one described in Secs. IV C and IV D. Despite having explicitly suppressed direct contributions from B 1;2 by requiring m blν ∈ ½170; 200 GeV and Θ b > 1.0, we see that for small gluon energies (z ≲ 0.02), the dead cone is washed out by interference and bleed-through effects, confirming the qualitative arguments given in Sec. III.
APPENDIX B: DISTRIBUTIONS
WITHOUT A Θ b CUT Previously in Fig. 8 , we showed distributions for Θ 2 S after imposing a cut of Θ b > 1.0. The motivation for the Θ b requirement was to increase the statistical significance of the dead cone effect. Here in Fig. 10 , we show results corresponding to the same analysis, yet without the Θ b cut. Comparing the PYTHIA distributions with ME corrections on and off, a statistically significant difference of roughly 3σ after 300 fb −1 can be observed. The expected characteristic distribution of the radiation, however, is washed out, leading to a plateau between 0 < Θ 2 S < 1 instead of a suppression towards the origin. We therefore conclude that a Θ b cut will likely be needed to gain confidence in the dead cone effect. 
APPENDIX C: IDEALIZED DISTRIBUTIONS WITH REALISTIC CUTS
As mentioned in Sec. IV D, ISR and UE are sources of jet contamination that partially fill the dead cone in pp collisions. To understand the effect of this contamination on our analysis, we return to e þ e − collisions and use them as a template where ISR and UE effects are absent. We then perform the exact same LHC-targeted analysis from Sec. IV, with the (a) (b) The overall qualitative features are the same as in the pp case. As expected, though, the differences between the ME-on and ME-off PYTHIA distributions are more noticeable in the e þ e − case, and the dip towards Θ 
